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 Prior to rainfall, cyanobacterial soil crusts have higher soil surface roughness (SSR) than12 
physical crusts13 
 SSR of physical soil crusts is highly responsive to low rainfall; SSR of cyanobacterial14 
soil crusts is stable in response to low rainfall15 
 Splash loss is associated with topographic roughness and spatial patterning.16 
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Abstract 
Soil surface roughness (SSR) modifies interactions and feedback processes between terrestrial 
and atmospheric systems driven by both the abiotic and biotic components of soils.  This paper 
compares SSR response to a low intensity multi-day rainfall event for soils with and without 
early successional stage cyanobacteria-dominated biological soil crusts (CBCs).  A rainfall 
simulator was used to apply 2 mm, 5 mm and 2 mm of rain separated by a 24-hour period over 3 
days at an intensity of 60 mm hr
-1
.  Changes in SSR were quantified using geostatistically-
derived indicators calculated from semivariogram analysis of high resolution laser scans.  The 
CBCs were stronger and splash erosion substantially less than from the physical soil crusts.  
Prior to rainfall treatment soils with CBCs had greater SSR than those without.  The rainfall 
treatments caused the physical crusted soils to increase SSR and spatial patterning due to the 
translocation of particles, soil loss and the development of raindrop impact craters.  Rainfall 
caused swelling of cyanobacterial filaments but only a slight increase in SSR, and raindrop 
impact cratering and splash loss were low on the soils with CBCs. There is no relationship 
between random roughness and splash erosion, but an increase in splash loss was associated with 
an increase in topographic roughness and small-scale spatial patterning.  A comparison of this 
study with other research indicates that for rainfall events up to 100 mm the effectiveness of 
CBCs in reducing soil loss is >80% regardless of the rainfall amount and intensity which 
highlights their importance for landscape stabilization. 36 
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1. Introduction
Soil surface microtopography plays an important role in modifying interactions and feedback 
processes between terrestrial and atmospheric systems at a range of scales (Cammeraat, 2002; 
Martin et al., 2008; Rodríguez-Caballero et al., 2012; Smith, 2014).  It can also affect the 
susceptibility of soils to erosion by both water (e.g. Kirkby, 2002; Luo et al., 2018) and wind 
(e.g. Zobeck and Popham, 1997; Chappell et al., 2006).  In this paper the term soil surface 
roughness (SSR) is used to encompass soil surface morphology, spatial patterning and 
microtopography (Römkens & Wang, 1986).  The focus is on micro-relief at the centimetre scale 
controlled by primary soil particles (≤ mm), the size and organisation of soil aggregates (mm) 
and the presence of physical and biological crusts.  Feedback relationships between hydrological 
regime and SSR at this scale are driven by both the abiotic (e.g. Le Bissonais 1996a, 1996b) and 
biotic (Belnap, 2006; Rodríguez-Caballero et al., 2013; Ferrenberg et al. 2017) components of 
soils. 
Soil particle size and aggregation are key determinants of abiotic SSR.  Inter-particle or 
microtopographic depressions can retain water causing ponding as well as acting as interception 
niches that trap particles dislodged by raindrop-driven splash erosion (Abrahams et al., 2001; 
Kinnell, 2005; Carmi and Berliner, 2008).  This can change runoff rates and overland flow 
(Helming et al. 1998; Kamphorst et al., 2000; Darboux et al., 2002; Antoine et al., 2009). SSR at 
small scales is highly dynamic in response to raindrop impact as the soil structural units are 
broken down from macro-aggregates (>250 μm) to micro-aggregates (20-250 μm) to primary 
soil particles (Emerson and Greenland, 1990; Le Bissonais, 1996a, 1996b, 2005).  This 
breakdown of structural units often results in the formation of physical soil crusts comprising a 
thin surface layer a few millimetres thick that is more dense and with a lower porosity than the 
underlying soil (Assouline, 2004).  Although the vertical surface change may only be of the 
order of 1-2 mm, these micro-relief dynamics can affect hydrological regime by binding particles 
together and reducing rates of infiltration and splash erosion, but increasing surface runoff and 
sediment yield (e.g. Agassi et al., 1985; Morin et al., 1989; Bradford and Huang, 1993).  Crust 
formation and resultant resistance of the soil to erosion is substantially controlled by soil texture 
(e.g. Bedaiwy, 2008), structure (e.g. Farres, 1978) and the frequency, intensity and duration of 
rainfall events (Fan et al., 2008; Nciizah and Wakindiki, 2014).  Surface sealing and ponding 69 
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during physical crust formation typically reduces SSR (e.g. Croft et al., 2013; Vermang et al. 
2013), although on fine soils under low rainfall the creation of raindrop impact craters may cause 
an increase in surface roughness (Bullard et al., 2018).  
SSR at this mm scale can also be affected by biotic factors such as biological soil crusts (BSCs).  
BSCs are formed by cyanobacteria, fungi, algae, lichens and mosses on the soil surface, and 
highly developed BSCs (typically lichen- or moss-dominated) create rougher soil surfaces than 
those in the early stages of successional development (cyanobacteria-dominated) (Belnap, 2006; 
Chamizo et al., 2012a).  Kidron (2007) suggested that runoff would be highest from young 
cyanobacterial crusts that are sufficient to decrease soil infiltration rates but are still smooth, 
whereas runoff from more mature, rougher crusts may be reduced (Rodríguez-Caballero et al., 
2012).  The relationships among BSC successional stage, infiltration rates, runoff, soil loss and 
microtopography are highly complex and can vary according to factors such as soil texture and 
rainfall intensity and duration (Chamizo et al., 2013; Rodríguez-Caballero et al., 2013).  For 
example, although Kidron et al. (2012) suggest enhanced micro-topography caused by BSC 
formation on fine-textured soils controls infiltration rates, micro-topographic effects are likely to 
be negligible under high intensity rain because micro-depressions will be rapidly filled leading to 
runoff generation (Rodríguez-Caballero et al., 2012).  An additional contributor to SSR on soils 
with biological crusts is the swelling response of the organisms to wetting.  BSCs absorb water 
readily and have a very rapid growth response to rainfall (Strong et al., 2013).  As they absorb 
water, the volume of the BSC increases, modifying surface microtopography and increasing SSR 
(Rodríguez-Caballero et al., 2015; Wang et al. 2017).   
BSCs can cover up to 70% of inter-plant spaces in arid and semi-arid regions (Belnap et al., 
2005) but the soil surface often comprises a mosaic of small patches (mm-cm) some with BSCs 
present and others without.  It is difficult to separate the direct and indirect effects of physical 
crust development and biological soil crust development on SSR and soil hydrological properties 
(Rodríguez-Caballero et al., 2012; Rossi et al., 2012) but excluding raindrop impact cratering, 
during a rainfall event the SSR of soils without BSCs could be expected to decrease due to 
aggregate disintegration and physical crust formation whilst the SSR of soils with early 
successional stage BSCs might be expected to increase due to water absorption and organism 100 
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growth.  Where low magnitude rain events are insufficient to cause ponding and the surface 
sediments are not sealed, or form a sieving crust, raindrop impact cratering can occur and 
increase SSR (Rajot et al. 2003; Bullard et al. 2018). 
The aim of this paper is to compare surface roughness response to a low intensity multi-day 
rainfall event for two soils with and without early successional stage, cyanobacteria-dominated 
biological soil crusts.  Both soils are from a dryland region and have only very fine aggregates 
(<1.4 mm) present but are susceptible to both physical and biological crusting.  A rainfall 
simulator is used to create a multi-day event typical of many dryland regions which is low 
magnitude (<10 mm) but of relatively high frequency (several times a year) and therefore likely 
to result in SSR that persists for days-months if undisturbed.  High resolution laser scans are 
used to quantify changes in SSR during the event and analysed using a geostatistical approach.  
The specific objectives are, for the two soils with/without cyanobacterial crusts (i) to compare 
soil loss by rainsplash, infiltration rates and surface crust strength; (ii) to quantify changes to soil 
surface roughness in response to rainfall; and (iii) to determine any relationships between soil 
loss and SSR.  Experiments were not replicated which precludes any statistical comparison of 
responses, however the differences are described and raise some interesting research questions 
for future investigation. 
2. Methods121 
2.1 Soil Characteristics 122 
Experiments were conducted on two different soils collected from the Lake Constance claypan, 123 
Diamantina Lakes which is located in eastern Australia.  The geomorphic context of the site is 124 
described in detail by McTainsh et al. (1999) and Chappell et al. (2007).  Soil A is a sandy loam, 125 
Soil B is a loamy fine sand and both comprise individual particles and fine aggregates <1.4 mm 126 
diameter (Table 1).  Analysis of the genetic material in the soils shows the biota of both soils are 127 
dominated by cyanobacteria (28%), of which the dominant cyanobacterial genus is Phormidium 128 
(20-23%), followed by Microcoleus sp. which is more abundant in soil B (2.1%) than soil A 129 
(0.2%) (Elliott pers comm. 2018).  The total microbial assemblage results in a natural biotic 130 
component for both soils that forms a thin, light cyanobacterial soil crust (class 1 in Belnap et al. 131 
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2008).  Particle-size analysis of the soils was undertaken using a Beckman Coulter LS280 laser 
sizer in the range 0.375-1000 μm with 85 class intervals.  Particle-size distributions were 
calculated for minimally-dispersed (MD) and intermediately-dispersed (full mechanical-
dispersion, no chemical dispersion: ID) soils following the protocols of Mason et al. (2003, 
2011) as described by Bullard et al. (2018). Full disaggregation (including sonication and 
chemical dispersion) was not performed for this paper. Soil salinity prior to experimentation was 
determined using electro-conductivity (TPS MC-80 pH-mV-Temp Meter; Rayment and 
Higginson, 1992). Soil organic matter was determined using loss on ignition (Boon et al. 1998).  
For the control experiments without cyanobacterial crusts subsamples of the soils were sterilized 
at 100°C for 24 hours to destroy any viable organic material.  These soils are referred to as 
‘physical’ (labeled APHYS and BPHYS) and were packed into trays 200 x 140 x 50 mm filled to the 
surface and lightly compacted. For each soil, three trays were prepared one of which was used 
for pre-rainfall infiltration measurements and two of which were subjected to rainfall treatments.  
Of the latter, one tray was used for destructive crust penetration resistance measurements and the 
other was used for non-destructive measurements (laser profiling) and post-rainfall infiltration. 
Cyanobacterial soil crusts (CBC) were grown on subsamples of each of the two soils (ACBC and 
BCBC).  Trays 120 mm x 1200 mm x 50 mm were filled with untreated soil that contained a 
natural population of biota, placed in a greenhouse for 60 days and lightly spray irrigated with 
filtered water to the equivalent of 2 mm of rainfall per day but at insufficient intensity to cause 
raindrop impacts.  This enabled the natural organisms in the soil to grow and form a biological 
soil crust which was dominated by cyanobacteria (Phormidium spp. and Microcoleus spp.), and 
with minor components of algae and moss (Figure 1).  Although the water supply was filtered 
and this was the only experiment being conducted in the greenhouse, it was not possible to 
completely isolate the trays in the greenhouse from other potential sources of microbes which 
may have affected the crust growth.  Cyanobacterial crust growth was visually assessed based on 
soil surface darkness and ‘greenness’ (Belnap et al. 2008; Strong et al. 2013) to monitor growth.  
The soils with CBCs were dried for 11 days at 35⁰ C and 30% humidity to reduce soil moisture 
content to <5% prior to experimentation.  Although the trays for biotic and abiotic soils were 
different sizes, the soil depth was the same in each case (50 mm) to ensure infiltration rates 
would not be differentially affected.  162 
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<< Figure 1: Cyanobacterial crust grown on soil B after 60 days at 2 mm rainfall per day. 
Microcoleus spp. filaments can clearly be seen on the soil surface.  The width of the tray is 120 
mm.>> 
The removal of soils from their natural context and subsequent reconstitution in the laboratory is 
likely to disturb natural soil structures and consequently the response to rainfall impact may not 
be identical to that which would be observed if the experiments were conducted in situ.  
However the removal of soils and their use in laboratory experiments is a very common 
approach for testing soil response to rainfall, splash erosion and for experiments using biological 
soil crusts because it allows certain other variables to be controlled, such as antecedent moisture 
(Fan et al. 2008; Gomez and Nearing, 2005; Hill et al. 2002; Feng et al. 2013).  A large 
proportion of the work with which the results presented here are compared has taken this 
approach and has thus been subject to the same limitations.  A particular difference in the 
experiments described in this paper is that the cyanobacterial crust was grown from the natural 
assemblage present in the soils rather than being grown from a culture, often restricted to a single 
species, and added to the soil (McKenna Neuman et al. 1996; O’Brien and McKenna Neuman et 
al. 2012; Kheirfam et al. 2017). 
2.2  Rainfall Simulation 
The rainfall regime in the region of Australia from which the soils were obtained is typically 
characterized by 2-3 days of low rainfall (<6 mm per day) separated by long dry periods and 
with occasional low frequency, high magnitude rainfall events (Bullard et al., 2018; Connolly et 
al., 1998).  For this study we focused on the impact of low intensity multi-day rainfall events and 
simulated a three day event with a single rain shower of 2 mm on day one, 5 mm on day two and 
2 mm on day three, and 24 hours drying period between showers.  All rainfall experiments were 
performed using the Griffith University Mobile Rainfall Simulator which is a portable oscillating 
spray-type rainfall simulator similar to that described by Loch et al. (2001) and detailed by 
Bullard et al. (2018).  The rainfall simulator comprises a water tank with pump and 4 x Veejet 193 
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80100 nozzles at a height of 2.5 m which sweep across the area of interest at a pre-determined 
rate.  Average drop diameter is 3-4 mm and kinetic energies produced by the nozzles are 
estimated as 29.5 J m
-2
 which is similar to that reported for natural rainfall where intensity
exceeds 40 mm h
-1
 (Rosewell, 1986; Loch et al., 2001).  The rainfall simulator provides a very 
uniform spatially pattern of intensity with a mean Christiansen Uniformity Coefficient 
(Christiansen, 1942) of 90.23 ±1.66 which is well above the minimum acceptable value of 80% 
(Esteves et al., 2000; Iserloh et al., 2013).  A rainfall intensity of 60 mm hr
-1
 was achieved using 
a sweep duration of 0.55 s and wait time of 3 s and is an appropriate approximation of rainfall 
intensity at the soil collection sites (Connolly et al., 1998).  Between showers, the soils were 
dried at 35⁰ C and 30% humidity to simulate summer conditions in the semi-arid drylands of 
eastern Australia.  
2.3 Soil Surface Roughness Characterisation 
The small-sized aggregates in the soils used here (<1.4 mm) and cyanobacterial filaments typical 
of early successional stage CBCs (Campbell, 1979; Garcia-Pichel and Wojciechowski, 2009) 
necessitated measurement of SSR at a very high resolution to capture change between rainfall 
applications. Non-contact laser scans (<0.5 mm horizontal and <0.5 mm vertical) have recently 
been demonstrated as ideal for capturing small-scale physical (Zielinski et al., 2014; Bullard et 
al., 2018) and biological (O’Brien and McKenna Neuman, 2012; Rodríguez-Caballero et al., 
2012) changes at the soil surface and this approach was adopted for this paper.   
Before treatment, and after each rainfall applied, each soil surface was scanned using a Micro-
Epsilon ScanCONTROL 2900-100 laser profiler mounted on a computer-controlled, motor-
driven traversing frame – detailed methodology is described by Bullard et al. (2018).  The 
scanner was mounted at a height of 24 cm above the soil surface and used to scan an area of the 
soil 100 x 100 mm at a  horizontal and vertical resolution of 78 μm (0.078 mm).  To minimize 
edge effects, the central area of 80 x 80 mm in the centre of each scan was extracted for analysis 
(c. 1.5 million data points).  The laser scan data were post-processed onto a 0.078 mm grid using 
MatLab to produce digital elevation models (DEMs) of  the soil surface before and after each 
rain application (t=0; t=2; t=7; t=9 – where the value  represents both the total cumulative 223 
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rainfall amount (mm) and duration in minutes).  Although our experiments were conducted in 
controlled laboratory conditions it proved difficult to produce a perfectly smooth soil surface yet 
any slight gradient of the soil surface has a substantial effect on the scan introducing a slope 
trend. Consequently, all the z-data were detrended using a linear model to remove any large scale 
oriented roughness which may create bias in the metrics derived from them (Bullard et al., 2018).  
Where the laser beam was occluded returning no data for a given point (<0.01% of scan data) the 
null data point was replaced by an average value calculated from the surrounding 8 cells.  The 
mean z value for t=0 was used as the zero level for all digital elevation plots to make it possible 
to compare the surface after each rain application with the initial conditions. 
From the DEM data, a number of aspatial and spatially-resolved indices were used to 
characterise the soil surface roughness.  Aspatial metrics look at bulk properties of the soil 
surface and include topographic range (TR – the difference in height between the lowest and 
highest detected points in the DEM) and random roughness (RR - the standard deviation in 
height after eliminating oriented roughness such as slope; Allmaras et al., 1966; Currence and 
Lovely, 1970).  The spatial complexity of SSR was quantified using a semivariogram to which a 
spherical model was fitted (Corwin et al., 2006).  Model results were used to determine four key 
geostatistically-derived indicators which each describe an attribute of SSR; range (a), spatially-
correlated variance (c1), nugget variance (c0) and total (sill) variance (c0+c1) (Bullard et al., 
2018).  The range (a) indicates the maximum scale of spatial variation in the data (Atkinson and 
Tate, 2000) such that larger values of a are associated with larger scales of spatial patterning.  
Nugget variance (c0) is spatially uncorrelated variance due to factors such as measurement error 
or model fitting.  Sill variance describes the total amount of spatial variation in the data such 
that, for the same scale, more spatially varied surfaces have higher values of c0+c1.  There is a 
strong relationship between c0+c1 and RR that highlights the link between the total amount of 
spatial variation in the data set and the vertical component of roughness (Croft et al., 2013; 
Bullard et al., 2018).  The range a provides a quantitative measure of the horizontal component 
of roughness variation.  Figure 2 shows how changes in surface roughness for different soil states 
are represented in the DEMs and empirical semivariograms. 252 
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<< Figure 2: Changes in soil surface roughness for soil BPHYS on exposure to rainfall 
represented as DEMs and empirical semivariograms.  Values of a, c0, c1 and c0+c1 are indicated.  
Vertical axes differ for each semivariogram.>> 
2.4  Soil and Crust Measurements 
Crust strength was measured using resistance to compressive pressure using a Geotester pocket 
penetrometer with a 5 mm diameter tip 24 hours after each rainfall simulation.  Previous studies 
have demonstrated that crust compressive strength is generally positively related to 
cyanobacterial biomass (Xie et al. 2007) and a reasonable indicator of the stabilizing effect of 
both physical and biological crusts in the landscape.  Where the crust could not be penetrated 
using the 5 mm tip, a narrower 2 mm tip was used and force (kg cm
-2
) calculated accordingly. 
Six measurements of resistance were made after each rain application in reserved trays for 
physical crusts and at one end of the longer trays used to grow the CBCs to avoid affecting the 
non-destructive measurements. 
Steady state infiltration was determined on dry soils both pre- and post- rainfall simulation for 
abiotic soils and post-rainfall only for the biotic soils.  A mini-disk infiltrometer was used which 
allows water to infiltrate while under tension to prevent the filling of macropores (Decagon 
Devices, 2007; Nciizah and Wakindiki, 2014).  Infiltration rate was determined using an 
extension of the manufacturer’s guidance that optimizes results for fine-textured soils (for details 
see Dohnal et al. 2010). 
Net soil loss caused by rainsplash was measured by capturing any sediment that was removed 
from the tray by rainsplash particle detachment.  The soil trays were placed within larger trays 
(290 x 420 x 60 mm for soils without CBCs;  1500 x 500 x 60 mm for soils on which biological 
crusts had been grown); following each rain fall, particles captured within the outer trays were 
dried, weighed and net rainsplash loss in g m
-2
 calculated to allow comparison between the two284 
11 
tray sizes.  This method does not measure total detachment where particles are entrained but 285 
redeposited within the tray, but does indicate soil loss from a defined area. 286 
287 
288 
3. Results289 
290 
Prior to rainfall (t=0), the abiotic soils (APHYS, BPHYS) were loose and unconsolidated with 291 
negligible surface resistance (Table 2).  The rainfall-drying sequence led to a successive increase 292 
in physical crust strength for both soils but the crust was stronger for soil APHYS, which has a 293 
higher clay and silt content, than for sand-rich BPHYS (Table 1).  The soils on which CBCs had 294 
been grown had developed a thin biological crust with a stronger crusts developed on the loamy 295 
fine sand soil (BCBC = 2.79 kg cm
-2
) compared to the sandy loam (ACBC = 1.87 kg cm
-2
).296 
Following the first application of rainfall the cyanobacterial crusts on both soils became very 297 
resistant reaching the maximum instrument reading of 6 kg cm
-2
 at t=2 and remaining298 
consistently high for the remainder of the experiment (Figure 3).   299 
300 
301 
<< Figure 3: Surface crust strength measurements for (a) soil A, and (b) soil B with and without 302 
cyanobacteria.>> 303 
304 
305 
Pre-experimentation infiltration rates were more than twice as rapid for soil B (0.0138 mm s
-1
)306 
compared to soil A (0.0059 mm s
-1
) (Table 2).  For both soils infiltration rates were lower307 
following the application of rainfall regardless of whether cyanobacteria were present or not.  308 
The infiltration rate for ACBC at t=9 was only slightly lower than pre-rainfall at 0.0055 mm s
-1
 but 309 
the rate for APHYS decreased markedly to 0.0008 mm s
-1
.  At t=9 infiltration rate for BPHYS was 310 
approximately half that prior to any rainfall.  Infiltration at t=9 for BCBC was very low at 0.0012 311 
mm s
-1
.312 
313 
12 
Splash erosion rates were substantially higher for the soils with physical only crusts compared to 314 
those with cyanobacterial crusts (Figure 4).  In all cases, splash erosion was highest during the 5 315 
mm rainfall application. 316 
317 
318 
<< Figure 4: Splash erosion measurements for (a) soil A, and (b) soil B with and without 319 
cyanobacteria.>> 320 
321 
322 
The occurrence of soil surface cracks and ponding was noted throughout the experiments (Table 323 
2). Cracks appeared on APHYS and BPHYS as they dried following the first 2 mm of rainfall and 324 
persisted to the end of the experiment.  The development of a large crack on APHYS is reflected in 325 
the increase in topographic range from 1.25 mm at t=0, to 5.85 mm at t=2, to 9.46 mm at t=7.  326 
Surface ponding was observed on the physical soils during the 5 mm rainfall and occurred after 3 327 
mins for soil A and 2 mins for soil B.  No ponding was observed on the two soils with 328 
cyanobacterial crusts but a fine crack developed on ACBC at t=7 persisting to t=9. 329 
330 
Both soils were smoothed prior to the application of rainfall and CBC growth.  This is reflected 331 
in low topographic range (<2 mm for soil A; <3.2 mm for soil B) and random roughness, and 332 
high values of a that are associated with a smooth surface and large scale pattering (Table 2).  In 333 
both cases SSR was higher at t=0 for the soils with CBC than those without which reflects the 334 
presence of cyanobacteria at the soil surface (visually identified by light green colouring: Belnap 335 
et al., 2008; Strong et al., 2013).  The application of 2 mm of rain resulted in the development of 336 
raindrop impact structures (Bullard et al., 2018) and sieving crusts (Rajot et al., 2003) on APHYS 337 
and BPHYS that can clearly be seen in the photographs in Figures 5 and 6.  The sieving crust was 338 
best developed on the sandier soil (BPHYS).  These structures are characterised in the 339 
semivariograms by a substantial increase in values of the sill variance from c0+c1 = 0.01 to 0.10 340 
(APHYS) and 0.02 to 0.18 (BPHYS) which describes increased spatial variation and a decrease in a 341 
(from 34.32 to 3.88 APHYS and 28.45 to 4.22 BPHYS) which is associated with a change from large 342 
to small scale patterning.  In contrast the t=2 mm rainfall had much less impact on the SSR of 343 
soils with CBCs which have only minor changes in sill variance (<0.03 alteration).  For soil 344 
13 
ACBC topographic roughness slightly decreased following 2 mm of rainfall from 1.89 mm (t=0) 345 
to 1.71 (t=2).  For soil BCBC topographic roughness increased slightly from 3.14 (t=0) to 3.66 346 
(t=2). 347 
348 
349 
<< Figure 5:  Soil surface roughness characteristics for soil A at t=0 to t=9.  Column (a) colour 350 
photographs of soil surface for APHYS; column (b) digital elevation models for APHYS; column (c) 351 
digital elevation models for ACBC; column (d) empirical semivariograms for APHYS and ACBC. >> 352 
353 
354 
355 
<< Figure 6:  Soil surface roughness characteristics for soil B at t=0 to t=9.  Column (a) colour 356 
photographs of soil surface for BPHYS; column (b) digital elevation models for BPHYS; column (c) 357 
digital elevation models for BCBC; column (d) empirical semivariograms for BPHYS and BCBC >> 358 
359 
360 
The addition of a further 5 mm rainfall (t=7) caused a decrease in SSR for the physical soils and 361 
a change back to a much smoother surface with large scale patterning (high values of a, low 362 
values of c0+c1)(Table 2).  For soil APHYS sill variance decreased from a high of 0.10 (t=2) to 363 
0.04 at t=7 and while the semivariogram regained a similar shape to that of ACBC, the physical 364 
soil remained rougher overall (Figure 4).  For soil B, SSR for BPHYS decreased and at t=7 the 365 
physical and CBC soils had very similar spatial roughness characteristics. 366 
367 
The final application of 2 mm rainfall (t=9) resulted in a slight increase to surface patterning and 368 
SSR for APHYS but not as much as that following the first application (t=2).  For BPHYS the final 2 369 
mm of rainfall resulted in the re-establishment of a sieving crust with visible raindrop impact 370 
structures and a comcomitant increase in the sill variance and decrease in a.  Overall the 371 
application of rainfall has a more marked effect on the SSR of the physical soils which were very 372 
responsive to each treatment.  The SSR of soils with CBCs was far less responsive to rainfall and 373 
although SSR indicators did vary for each treatment, the absolute variability was substantially 374 
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lower than for soils without CBCs.  The variability of spatial patterning was also greater on the 375 
physical soils than on the biotic soils. 376 
377 
378 
4 Discussion 379 
The increase in soil surface resistance to penetration following rainfall on APHYS and BPHYS 380 
suggests raindrop impact caused the development of a physical crust.  Successive application of 381 
rainfall increased the physical crust strength as would be expected from previous studies 382 
(Freebairn et al., 1991; Fan et al., 2008; Feng et al., 2013; Naciizah & Wakindiki, 2014).  The 383 
physical crusts developed on soil A are stronger than those on soil B.  Although the sand-sized 384 
aggregates in soil B can be broken down to silt and clay-sized particles (reduction in % sand 385 
from 76% MD to 58% ID: Table 1) the greater crust strength of soil A is likely due to the higher 386 
overall proportion of silt-sized material compared to that in soil B as silt-rich, less stable 387 
aggregates are more likely to be broken apart by raindrop impact (Fu et al., 2017) and compacted 388 
to create a seal or crust. 389 
390 
The biotic soils on which CBCs had been grown had a higher crust strength at t=0 than the 391 
physical crusts despite having been dried to <5% moisture content prior to testing.  This 392 
sustained resistance of CBCs to penetration even under dry conditions has been previously 393 
observed in laboratory (e.g. McKenna Neuman et al., 1996) and field-based studies (e.g. 394 
Chamizo et al., 2015).  The rapid increase in CBC strength on both soils in response to 2 mm 395 
rainfall was sustained for successive rainfall applications.  This likely reflects two, not mutually 396 
exclusive, processes.  First, cyanobacteria respond very rapidly to even small amounts of rainfall 397 
(Strong et al. , 2013), increasing their biomass which includes the growth of a network of 398 
filaments at the soil surface and the secretion of extracellular polysaccharides which bind soil 399 
particles together (Schulten, 1985; Belnap and Gardner, 1993; Garcia-Pichel and 400 
Wojciechowski, 2009; Mager and Thomas, 2011; Felde et al., 2016).  A limitation to interpreting 401 
our results is that no direct measurement of biomass change in response to rainfall was made for 402 
this study.  The assumption made is that biomass will have increased in response to rainfall and 403 
this is supported by studies which have found a clear relationship between cyanobacterial 404 
biomass and the compressive strength of biotic crusts, particularly where Microcoleous spp. and 405 
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Phormidium spp. are present in the soil, as was the case here (Xie et al. 2007; Wu et al. 2013)..  
Second, in natural (field) conditions, CBCs are often associated with depositional physical crusts 
(Cantón et al. 2003; Lázaro et al., 2008) which have a moderately high crust strength (Casenave 
and Valentin, 1992).  The conditions in which the CBCs were grown for this project are unlikely 
to have enabled a physical depositional crust to form in conjunction with the CBCs due to the 
very light hydration regime used.  However any exposed areas of the CBC trays not colonized by 
cyanobacteria could be expected to form 2-layered structural ‘sieving’ crusts (Rajot et al., 2003; 
Bullard et al., 2018) as observed to have formed on the abiotic soils used here.  This type of 
structural crust has a similar relative strength to depositional crusts (Casenave and Valentine, 
1992).  Given the substantially higher compressive strength of ACBC and BCBC, and very low 
standard errors, at all stages compared to that of APHYS and BPHYS the cyanobacterial crust is 
likely to be dominant and of a near uniform and complete cover (see also Figure 1). 
The presence of a cyanobacterial crust reduced the susceptibility of the soil to rain splash 
erosion.  This protection is afforded by the same biological components that contribute to CBC 
crust strength, namely the combination of cyanobacterial filaments on the soil surface and the 
chemical binding of particles by polysaccharides both of which increase aggregate stability and 
reduce water erosion (Eldridge and Greene, 1994; Chamizo et al. 2012b; Colica et al., 2014), 
although penetration resistance has not been found to be a good indicator of soil detachment 
response (Chamizo et al., 2015).  In this study splash erosion was around 5 times higher at t=2 
for both soil A and B and 6-7 times higher at t=7 for the physical crusted soils compared to when 
a cyanobacterial crust is present.  For t=9 splash erosion was 12 times higher for APHYS 
compared to ACBC and 3 times higher for BPHYS compared to BCBC.  This is comparable to other 
studies a selection of which is summarized in Table 3 and suggest remarkably similar percentage 
reductions in soil loss where CBCs are present despite the variability in rainfall duration, 
intensity and overall experimental design.  Kheirfam et al. (2017) found soil loss was 5 times 
higher on soils with no CBC compared to those with soils on which CBC had been growing for 
15 days.  The erosion protection offered by the cyanobacteria increased with the number of days 
over which the CBC was allowed to develop.  The CBCs in this study were grown for 60 days 
and reduced soil erosion splash loss by 83-95% for 2 mm rainfall, and 91-94% for 2+5 mm 
rainfall (t=7) which compares well with Kherifam et al.’s (2017) findings that 60 day-old 436 
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cyanobacterial crusts reduced soil loss by 99% (Table 3).  Chamizo et al. (2015) found that 
cyanobacterial crust growing on a sandy loam soil only reduced soil losses by 50% compared to 
CBC on a silty loam where soil loss was reduced by 90%.  This study compared a sandy loam 
with a loamy fine sand and found the CBC growing on the former, with a higher proportion of 
silts and clays, to provide less protection than the latter which has a higher proportion of sand.  
The difference in protection against splash erosion is most noticeable for the last rainfall 
application (t=9) where the reduction in soil loss for ACBC (sandy loam) was only 65% compared 
with 97% for BCBC (loamy fine sand).  This suggests soil texture plays an important role in 
determining splash loss susceptibility alongside CBC development.  Studies of rainsplash 
detachment suggest less energy is required to detach fine sand-sized particles (100-200 μm) than 
those which are coarser or finer than this range (Salles et al., 2000).  In addition, splash lengths 
are longer for fine sands than other sediments (Leguédois et al., 2005).  The observation that 
soils with fine sands at the surface, such as those which have a well-developed sieving crust (i.e. 
the physical crusted soils) have higher splash erosion losses than those where this type of crust is 
absent or only covers a very small percentage of the surface accords with these studies.  The 
relative inefficiency of the CBC crust in protecting soil B at t=9 may be due to the higher 
proportion of surface sand in this soil.  In addition small-scape rupturing of crusts may have 
occurred but this was not directly observed (O’Brien and McKenna Neuman 2012). 
Although it has been suggested that surface smoothing by cyanobacteria can result in higher 
runoff (e.g. Faist et al., 2017), that is not the case here when compared to the physical crusted 
soils.  Ponding did not occur at any time on ACBC or BCBC however it did occur on APHYS and 
BPHYS during the 5 mm rainfall application.  This is most likely because the presence of 
cyanobacteria prevented the development of a surface seal but also due to its affect increasing 
infiltration rates which can lead to a decrease in runoff (Chamizo et al. 2012a; Lázaro et al., 
2015).  On the sandy loam soil the infiltration rate at the end of the experiment was almost the 
same for ACBC (t=9) as it was for APHYS prior to any rainfall (t=0) suggesting soil pore spaces 
were being maintained.  In contrast, on the loamy fine sand infiltration was lower on the soil 
with cyanobacterial crust (BCBC) at t=9 than for that without (BPHYS) at t=9.  This supports 
Warren’s (2001) suggestion that cyanobacteria can reduce infiltration rates on sandy soils by 
blocking soil pore spaces. 467 
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The light cyanobacterial crusts examined here are initially slightly rougher than the abiotic soil 
surfaces (Figures 4 & 5) but they prevent the soil surface particles from being dislodged or 
removed by rainfall.  CBCs are very resistant to raindrop impact (Lázaro and Mora 2014) and up 
to 15 times more resistant to kinetic energy than bare soils (Qin and Zhao, 2011; Zhao et al., 
2014).  This resistance is demonstrated here by the minimal change in the ACBC and BCBC 
semivariograms with successive treatments compared with the APHYS and BPHYS semivariograms 
which are highly variable.  
Soil surface roughness attributes have been widely demonstrated to affect runoff, infiltration and 
soil erosion losses although research suggests the interactions vary with some studies finding a 
decrease in soil loss with increasing SSR and others an increase in soil loss (Cogo et al. 1984; 
Helming et al., 1998; Römkens et al., 2001; Gomez and Nearing, 2005; Ding and Huang, 2017).  
A rougher soil surface might be expected to reduce rainfall energy and cause the ponding of 
water in depressions both of which decrease splash rate (Govers et al. 2000) however the spatial 
resolution, scale and cause of SSR (e.g. aggregate sizes, tillage, vegetation) can confound this 
relationship.  Very few studies have attempted to quantify soil surface roughness on soils with 
cyanobacterial crusts.  One of the first, by Rodríguez-Caballero et al. (2012), identified a weak 
linear relationship between random roughness (RR) and sediment yield for biologically crusted 
soils in which the greater the roughness, the lower the sediment yield, however this relationship 
only explained around one third of the erosion variance.  The relationship between RR and 
splash loss for all soils in this study is shown in Figure 7 and suggests that splash loss might 
increase with increasing RR, although the relationship is very weak and not statistically 
significant; there is a much stronger relationship between topographic roughness (TR) and splash 
loss suggesting that as TR increases, sediment loss increases.  
<< Figure 7:  Relationships between splash loss and (a) Random Roughness, (b) Topographic 
Roughness, (c) Range a.  Green-filled circles indicate soils with CBCs, black-filled circles 
indicate soils with physical crusts on which ponding did not occur, open circles indicate soils 
with physical crusts on which ponding occurred at t=7.  Best-fit lines are shown for all data 498 
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The findings presented here suggest that sediment loss is higher from rougher surfaces which is 
counter-intuitive given rougher surfaces would be expected to increase the likelihood of detached 
particles becoming lodged in depressions and retained within the study area.  However, the 
trapping effectiveness of a rough surface will be not only dependent on the vertical component of 
roughness but also on the horizontal component (described by sill variance and range a).  
Typically, as random roughness increases, spatial variation (sill variance) will also increase 
(Croft et al., 2013; Bullard et al., 2018) which is the case for the data presented here (r
2
=0.9363; 
n=16).  High values of RR (and TR) can be associated with both small scale patterning or with 
larger scale patterning (as quantified by a) depending on the area of interest.  Bullard et al. 
(2018) found that for very fine soils with small aggregates, such as those tested here, the 
horizontal (range a) component of SSR was determined by raindrop impact which is a driver of 
splash erosion.  When splash loss is plotted against a the result is a significant power-law 
relationship in which the larger the scale of spatial patterning, the less splash loss occurs (Figure 
7).  In each panel of Figure 7 two data points with particularly high splash loss stand out.  These 
are APHYS t=7 and BPHYS t=7 which are the only two measurements associated with soil surface 
ponding. During the 5 mm rainfall event the development of a surface seal on the soils reduced 
infiltration and caused water to pond but the very fine scale roughness and low absolute vertical 
relief meant that rather than the ponding resulting in sediment storage, as might be expected on 
rougher soils, the depressions filled rapidly resulting in surface flow and a greater loss of soil.  If 
the points where ponding occurred are removed from the datasets in Figure 7, due to representing 
soil loss via overland flow rather than splash erosion, the relationships between vertical and 
horizontal roughness components and splash loss are all marginally improved.  
At the outset of this paper, it was suggested that during a rain event the SSR of soils without 
BSCs would be expected to decrease due to aggregate disintegration whereas the SSR of soils 
with BSCs might be expected to increase due to organism growth and water absorption.  This 
hypothesis was not borne out by this study as the soils with physical crusts became rougher than 529 
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those with cyanobacterial crusts during rainfall simulations.  The reason for this is likely due to 
the type of soil used, level of development of the CBC and the rainfall regime that was 
simulated.  As the soils had only very fine aggregates, the absolute reduction of SSR due to 
disaggregation was small and the primary determinant of SSR, particularly after the 2 mm 
rainfall applications, was raindrop impact and the microtopography associated with the 
development of a sieving crust (Bullard et al., 2018).  The presence of CBCs before the rainfall 
treatment made the soil surface rougher than the abiotic soil but despite being early successional 
stage this was sufficient to protect the soil from raindrop impact and erosion, as has been 
demonstrated elsewhere during inoculation studies (Kheirfam et al., 2017; Sadeghi et al., 2017).  
The surface roughness of the soils with CBCs did increase very slightly with each treatment 
(slight increases in RR and TR).  This increase is in line with the order of magnitude expected 
from the swelling of cyanobacterial filaments in response to wetting (Rodríguez-Caballero et al., 
2015) or may be due to rainfall-induced growth or motility of filaments which can be very rapid 
(Campbell, 1979; Rao et al. 2009).  The rainfall event simulated here is typical of high 
frequency, low magnitude events that occur where these CBCs are naturally found.  As such, the 
rainfall totals were lower than has been used in many other investigations (e.g. Table 3).  
Working at the same field site from which these soils were collected, Chappell et al. (2007) 
conducted in situ rainfall simulations and found that in some cases rainfall did cause an greater 
increase in surface roughness of soils with BSCs compared with those without, however the 
rainfall intensity used was much higher (110 mm hr
-1
 for 5 mins) than in the experiments 
reported here.   
The results presented here reinforce previous studies highlighting the protective function of 
cyanobacterial crusts against soil loss by splash erosion.  The development of any type of crust 
has the potential to reduce both water and wind erosion but some research suggests 
cyanobacterial crusts are more resistant to erosion than physical crusts (O’Brien and McKenna 
Neuman, 2012) and that deflation and (Abed et al. 2012) runoff (Sadeghi et al. 2017) are reduced 
particularly where filamentous cyanobacteria are present at the soil surface.  All crusts can be 
fragile and are vulnerable to rupturing by both natural processes such as saltation bombardment 
(O’Brien and McKenna Neuman, 2012) or anthropogenic activity such as off-road vehicular 
activity (Leys and Eldridge, 1998; McLaurin et al. 2011).  The protective effect of crusts will 560 
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potentially last until they are ruptured or reworked by sufficiently high magnitude natural events 561 
(e.g. rain or wind storms, flooding). 562 
563 
564 
5 Conclusion 565 
This study examined the response of soil surface roughness to rainfall and differs from previous 566 
research in a number of ways.  First, the soils used were from an arid region with naturally small 567 
aggregates (<1.4 mm) and very low organic matter content.  Although the experiments were not 568 
conducted in situ, the rainfall conditions simulated were of a typical duration and intensity of 569 
high frequency, low magnitude events found in the soil source region and the natural biota in the 570 
soils was used to grow the cyanobacterial crusts (rather than artificial inoculation).  This study 571 
therefore used experimental variables appropriate to deepen understanding of landscape 572 
processes; whilst low frequency, high intensity rainfall events can cause dramatic changes in 573 
landscapes, the incremental changes driven by high frequency events are also important and need 574 
to be explored.  Second, soil surface roughness was quantified at much higher resolution for this 575 
study than in many other cases.  This was done in order to capture small scale changes on the soil 576 
surface caused by individual particle movements and the presence and growth of cyanobacteria. 577 
578 
Two different soils were tested and soil texture was found to impact physical crust strength, 579 
where the soil with higher clay and silt content was more resistant than that with a higher sand 580 
content.   In contrast cyanobacterial crust strength prior to rainfall was higher on the sandier soil 581 
but there was no difference between CBC strength on the soils in response to rainfall.  The 582 
cyanobacterial soil crusts were consistently stronger and splash erosion was substantially less 583 
than from the physical soil crusts.  This was a small study testing only two soil types and, due to 584 
a lack of replicates, the interpretation of the results has been largely descriptive rather than 585 
statistical.  Nevertheless, a comparison of this study with other research suggests that for rainfall 586 
events up to c. 100 mm total the effectiveness of CBCs in reducing soil loss is typically >80% 587 
regardless of rainfall amount and intensity which highlights their importance for landscape 588 
stabilisation.  Under some conditions soil loss reduction is less effective (50-65%); this may be 589 
due to the interaction between the cyanobacteria and soil texture.  Future research could usefully 590 
21 
591 
592 
593 
594 
595 
596 
597 
598 
599 
600 
601 
602 
603 
 
compare physical and biological soil crust impacts on a wider range of soils because the impact 
of cyanobacteria on properties such as infiltration is known to vary with soil texture.   
Prior to rainfall treatment the soils with cyanobacterial crusts had greater SSR than those 
without.  The first and subsequent rainfall treatments caused the physical crusted soils to increase 
SSR and spatial patterning due to the translocation of particles, soil loss and the development of 
raindrop impact craters.  Rainfall caused swelling of cyanobacterial filaments but only a slight 
increase in SSR, and raindrop impact cratering and splash loss were very low on the soils with 
cyanobacterial crusts. For low rainfall totals and the soils tested here there is no relationship 
between random roughness and splash erosion, but an increase in splash loss was associated with 
an increase in topographic roughness and smaller-scale spatial patterning.  A useful extension to 
this work would be to examine SSR dynamics for CBCs over more wetting-drying-growth cycles 
to determine the rate and nature of changes associated with the development of the soil 
biological community. 604 
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Table 1: Locations and characteristics of soil samples.  LOI = loss on ignition; Disp. = degree of dispersion; MD = minimal 975 
dispersion; ID = intermediate dispersion.  See text for details. 976 
977 
Sample Latitude Longitude Salinity 
(μS) 
LOI 
% 
Soil Type Disp
. 
% Clay % Silt % Sand 
Soil A -23.7622 140.9948 101.2 1.06 Sandy loam MD 6.38 45.19 48.43 
ID 12.21 39.32 48.48 
Soil B -23.7676 140.9951 117.2 0.91 Loamy fine sand MD 3.85 19.75 76.41 
ID 12.63 28.96 58.42 
978 
979 
980 
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Table 2: Summary of SSR and associated data for soils A and B with physical (PHYS) and cyanobacteria (CBC) crusts. Surface cracking 981 
presence () or absence. Time of ponding following start of rainfall is indicated in minutes:seconds.  TR = topographic range, RR = 982 
random roughness. Variogram statistics a, c1, c0, c0+c1 extracted from the fitting of a spherical model to the variogram data for each 983 
soil after each application of rainfall.   984 
985 
Sample Cum. 
rfall 
(mm) 
Cracks Ponding Surface 
Resistance 
(kg cm
-2
)
Infiltratio
n rate 
(mm s
-1
)
TR 
(mm) 
RR 
(mm) 
Range a 
(mm) 
Spatially-
correlate
d 
variance 
c1 
Nugget 
variance 
c0 
Sill 
variance 
c0+c1 
RMSE 
height 
(μm) 
APHYS 0 0 0.006 1.25 0.09 34.32 0.01 0.00 0.01 0.19 
2  0.50 5.85 0.31 3.88 0.10 0.00 0.10 6.08 
7  3:00 1.58 9.46 0.20 8.50 0.03 0.01 0.04 2.20 
9  2.30 0.001 6.10 0.23 5.78 0.06 0.00 0.06 0.67 
ACBC 0 1.87 1.89 0.13 38.51 0.01 0.01 0.02 0.96 
2 >6 1.71 0.01 49.37 0.03 0.01 0.03 0.98 
7  5.81 3.11 0.15 48.24 0.02 0.01 0.03 0.97 
9  5.92 0.006 2.84 0.15 43.86 0.22 0.01 0.03 0.96 
BPHYS 0 0 0.014 2.35 0.16 28.45 0.02 0.01 0.02 0.67 
2  0.47 4.70 0.42 4.22 0.18 0.01 0.18 6.11 
7  2:00 0.78 4.64 0.25 9.57 0.06 0.00 0.06 1.41 
9  0.92 0.006 4.93 0.40 5.28 0.17 0.00 0.17 4.29 
BCBC 0 2.79 3.14 0.21 17.90 0.03 0.01 0.04 0.92 
2 >6 3.66 0.21 16.74 0.02 0.02 0.04 0.93 
7 5.92 4.59 0.23 14.71 0.03 0.02 0.05 0.90 
9 5.93 0.001 5.06 0.24 15.94 0.02 0.03 0.05 0.89 
986 
33 
Table 3: Summary of selected studies to determine the impact of CBCs on soil loss reduction. 987 
988 
Reference Rainfall Experiment Soil type % reduction in 
soil loss where 
CBC present 
Duration 
(min) 
Intensity (mm 
hr
-1
)
This study 2 60 Laboratory study; see text for details Sandy loam  93% 
Loamy fine sand 95% 
2+5 Sandy loam  91% 
Loamy fine sand 94% 
2+5+2 Sandy loam  65% 
Loamy fine sand 97% 
Eldridge & 
Greene 1994 
20 45 Laboratory study; natural cryptogam 
assemblage 
Loam clay loam c. 75%
Hill et al. 2002 30 43-50 Laboratory study; natural 
cyanobacteria assemblage 
Coarse to fine gravelly 
clayey sand 
79% 
Sandy clay loam 96% 
Chamizo et al. 
2015 
30 50 Field study; CBC removed by 
scalping 
Sandy loam  50% 
Silty loam 90% 
Chamizo et al. 
2017 
10-72 mm
(4 events)
5-47 mm Field study; natural rainfall events, 
CBC removed by scalping 
Silty loam 84% 
Kheirfam et al. 
2017 
100 50 mm hr
-1 Laboratory study; artificial 
inoculation, grown for 60 days 
Silty clay loam 98% 
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Figure Captions 
Figure 1: Cyanobacterial crust grown on soil B after 60 days at 2 mm rainfall per day. 
Microcoleus spp. filaments can clearly be seen on the soil surface.  The width of the tray is 120 
mm. 
Figure 2: Changes in soil surface roughness for soil BPHYS on exposure to rainfall represented as 
DEMs and empirical semivariograms.  Values of a, c0, c1 and c0+c1 are indicated.  Vertical axes 
differ for each semivariogram. 
Figure 3: Surface crust strength measurements for (a) soil A, and (b) soil B with and without 
cyanobacteria. 
Figure 4: Splash erosion measurements for (a) soil A, and (b) soil B with and without 
cyanobacteria. 
Figure 5:  Soil surface roughness characteristics for soil A at t=0 to t=9.  Column (a) colour 
photographs of soil surface for APHYS; column (b) digital elevation models for APHYS; column (c) 
digital elevation models for ACBC; column (d) empirical semivariograms for APHYS and ACBC. 
Figure 6:  Soil surface roughness characteristics for soil B at t=0 to t=9.  Column (a) colour 
photographs of soil surface for BPHYS; column (b) digital elevation models for BPHYS; column (c) 
digital elevation models for BCBC; column (d) empirical semivariograms for BPHYS and BCBC  
Figure 7:  Relationships between splash loss and (a) Random Roughness, (b) Topographic 
Roughness, (c) Range a.  Green-filled circles indicate soils with CBCs, black-filled circles 
indicate soils with physical crusts on which ponding did not occur, open circles indicate soils 
with physical crusts on which ponding occurred at t=7.  Best-fit lines are shown for all data 
(dashed line) and data excluding points where ponding occurred (solid line) – see text for details. 1018 
1019 
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